A new catalytic oxidation cycle over binuclear Zn-and Ca-cation clusters in zeolites is proposed. Intermediate active clusters appear due to trapping of dioxygen. CO oxidation is considered as a model reaction over a cluster located in an 8-membered (8R) ring. Geometries of active clusters involved in the catalytic cycle vary depending on the nature and size of the cation. Reagents, transition states, and products have been optimized at the isolated cluster level considering DFT functionals (B3LYP, B3P86, and B3PW91) with the 6-31G* or 6-311++G** basis sets. Moderate activation energies of 23.0 and 35.7 kcal/mol at the B3LYP/6-31G* level are obtained for CO oxidation over Zn-and Ca-clusters, respectively.
Introduction
Oxidation by O 2 in zeolite forms with alkaline and alkaline earth cations has long been a topic of discussion with respect to various organic molecules. [1] [2] [3] [4] [5] For example, oxidation of small alkenes, [1] [2] [3] toluene, 4, 6 p-xylene, 6 cyclohexane, 5, 7 and propane, 8 and of CO within frameworks involving complex mechanisms with noble metal clusters 9 has already been studied in details. As well, the case of CO oxidation in CaY seems also relevant even if O 2 is not directly used under experimental conditions. 10 Oxidation over alkaline and alkaline earth cationic forms was considered as a different class compared to other oxidation reactions with O 2 participation. 8 The mechanism is interpreted as a stabilization of an "organic molecule-O 2 " ion pair with an essential charge transfer. [1] [2] [3] [4] [5] The primary role of the electric field for such stabilization was hence emphasized for both alkaline and alkaline earth cations. The complex dependence of the reaction yield on the electric field cannot however ascertain a unique oxidation mechanism. Moreover, it is difficult to apply the idea of ion pair transition state with large charge transfer to the CO-O 2 case.
The appearance of the [M-O-M]
2+ species with extra-lattice oxygen (ELO) is very probable upon increasing the Si/Al ratio of the zeolite framework as shown by both numerous experimental and theoretical studies. Experimental evidence was first found by Boudart and co-workers, who observed redox pairs of iron ions in FeY. 11 The bridging position of oxygen was confirmed by Mössbauer 12 and IR 13 spectroscopy. The catalytic activity of such a system is associated with both the binuclear structure and peculiar chemical properties of ELO, which vary with the framework type. Much attention was paid to the redox properties of the binuclear structures 14 that were assumed to be responsible for the kinetics of catalytic reactions, for example, the concentration oscillations of N 2 O decompositions. 15, 16 The majority of theoretical studies relative to oxo-binuclear structures in zeolites were devoted to the structural and chemical properties of oxygen-bridged [Cu- O-Cu] 2+ ion pairs, with regard to the problem of catalytic processes for selective NOx reductions. [17] [18] [19] [20] Oxo-bridged binuclear [Zn-O-Zn] 2+ structures were discussed considering the problem of dehydrogenations of light alkanes. 21 Finally, let us mention methanol to olefins (MTO) decomposition over [Fe-O-Fe] 2+ studied in refs 22 and 23. In this paper, another possibile oxidation mechanism is suggested and discussed with respect to CO oxidation for Znand Ca-cation exchanged zeolites. Assuming the appearance of two closely located Si/Al replacements and two respective Me cations, we have found a series of new Me 2 O X (X ) 1-3) oxide clusters which could serve as oxidation centers in zeolites.
First we describe the computational strategy which is modified versus the usual cluster approach while increasing the cluster size by adding and optimizing an extra layer of nearest O atoms. In the first part of the Results, we will discuss the optimized geometries and heats of formation. The main attention is paid to the comparison of the oxidation of CO over the Zn-and Caclusters in the Me 2 O 2 form considering small and large clusters and various DFT functionals. In the last part of the Results, CO oxidation is studied over Ca 2 O 3 at both the B3LYP and MP2 levels to evaluate the accuracy of the B3LYP computations.
Computational Details
First, we fully optimized the geometry of a supercell with two primitive cells of Zn-form of mordenite (MOR) using the GULP code 24 and Catlow force field (FF) 25, 26 with Al in position T4 27 on the opposite sides of the large channel in ZnMOR. One of the 8R rings which opens the side pockets in ZnMOR was isolated from the 3D structure and the second Si atom was replaced by Al at T4. Keeping the Zn cation near the 8R ring and filling the ruptured T-O bonds of all T atoms (T ) Si and Al) by capping hydrogen atoms, one reached a neutral fragment ZnAl 2 Si 6 O 8 H 16 . The initial T-H bond lengths were fixed at 1.4 Å, close to the optimal value as estimated at the B3LYP/6-31G* level. The T-H lengths were further optimized using Gaussian 03
28 at fixed O-T-H and T′-O-T-H angles and fixed positions of the other atoms. Then, H atoms only were fixed and the coordinates of the other atoms were varied also at the B3LYP/6-31G* level, as most results obtained here.
An important step was then to check the influence of spatial restraints on the resulting energy and geometry for a larger fragment, obtained by addition of a layer of 16 oxygen atoms to the 8R ring T atoms instead of H. To add the O atoms, the optimized small cluster was embedded in the initial crystallographic position. It was achieved via a series of rotations of the small cluster as a whole, i.e., with fixed relative optimized coordinates in order to reach minimal distances between the O atoms in crystallographic positions and the optimized H atoms. The already optimized H atoms were replaced by the nearest O atoms in crystallographic positions while additional H atoms were added to the new O atoms in the direction of the nearest T atoms. Then the optimization procedure of the H coordinates was repeated as for the smaller cluster.
To determine the reaction coordinate for CO oxidation, we applied the QST3 algorithm as supplied with Gaussian 03 28 considering the optimized geometries of the reagents and products. The O-O length varies from 1.570 Å for the Ca cluster (not shown in Table 2 ) versus 1.646 Å for the Zn one (Table 2) , which is due to both the cationic size and the spatial restrictions being distorted relative to the experimental gas value r e ) 1.201 Å 35 or the theoretical value of 1.214 Å obtained at the B3LYP/ 6-31G* level. For comparison, the O · · · O distance varies from 2.560 Å in Al 2 O 2 30 to 2.734 Å in Ga 2 O 2 . 31 In order to evaluate the influence of the deformation of the MOR 8R ring on the Zn 2 O 2 geometry, we performed a full geometry optimization without fixed H atoms which resulted in a highly symmetric 8R ring and rhomb Zn 2 O 2 ( Figure 1c ). Table 2 shows that the geometrical parameters of the fully optimized rhomb Zn 2 O 2 do not deviate essentially versus the optimization with spatially imposed restraints (Figure 1b) , with the exception of the deviation from the plain rhomb Zn 2 O 2 ( Figure 1c ) with a Zn14-O36-O35-Zn34 torsion angle of 161.86°. It signifies that the reactivity of the Zn 2 O 2 cluster is not the result of a particular deformation in the 8R ring of MOR. We should add here that we did not succeed in optimizing the geometry of an isolated Zn 2 O 2 cluster, i.e., without 8R fragment, neither at the B3LYP level, nor HF.
Results

Relative
The a The labels of the atomic positions are shown in Figure 2 .
starting point for the Ca 2 O 3 cluster led to the optimized symmetric form (Figure 1g ). We here wish to add that all the details of geometry were equally well described for the Zn and Ca cations with the LANL2DZ basis versus the 6-31G* one (Table 4 for Ca 2 O 3 ). The application of the LANL2DZ basis set will be much more important in future studies for heavier alkaline earth cations like Sr and Ba for which no 6-31G* basis set has been developed so far. Finally, there is a qualitative difference between Zn and Ca versus the oxidation step from Me 2 O 2 to Me 2 O 3 . It is observed for the calculated heats of reaction of the possible catalytic cycle based on the series of consequent Me 2 O X oxide clusters ( Table  5 ). All of the oxidation steps 
could be the part of the closed catalytic cycle with participation of molecular O 2 . To check the catalytic activity, we considered CO oxidation to CO 2 (eq 3) which remains an important process from the industrial application and scientific points of view. The structures of the reagents (Figure 2a We should add that the latter is nevertheless overestimated by at least 50% relative to the experimental heats of CO adsorption over the CaNaA zeolites, i.e., 9.1 kcal/mol, 36 6.1 kcal/mol over the NaA, 36 and 6.4-6.2 kcal/mol over the HMFI 37 zeolites. On the opposite to the Zn cluster, Ca 2 O 2 (8R) holds its geometry in the reaction complex (Figure 2d ). The Ca-C and Ca-O distances in the TS complex are much larger, i.e., 2.629, 2.852, and 2.405 Å for Ca34-C37, Ca34-O36, Ca14-O35 (using notations of Figure 2a ) versus 2.093, 2.015, and 1.792 Å for the Zn-C and Zn-O distances in the TS of CO/ Zn 2 O 2 (8R) than the difference of 0.26 Å between the ionic radius of Zn and Ca. 32 The minimal difference of 0.38 Å is between the Ca14-O36 and Zn14-O36 bonds, i.e., 2.216 versus 1.836 Å (Figure 2c) .
The most stable products correspond to the CO 3 2-anion which is symmetrically coordinated to both Me cations for the Zn (Figure 2c 
A closed catalytic cycle with participation of molecular O 2 can thus be realized provided that CO 2 could be desorbed from the Zn 2 CO 3 (8R) (Figure 2c ) or Ca 2 CO 3 (8R) (Figure 2f ) complex or from the less stable physisorbed CO 2 state for Zn form, for example by heating. The Zn 2 CO 3 (8R) product (Figure 2c ) is more stable by 32.6 kcal/mol as compared to the physisorbed CO 2 molecule coordinated to only one Zn atom of Zn 2 O(8R). Here, we should however add that the precise energy difference should be discussed while regarding accurately to the long-range effects for CO 2 adsorption. For the Ca case, CO 2 coordinates without energy barrier to both Ca cations of Ca 2 O 2 (8R), leading to Ca 2 CO 3 (8R) (Figure 2f ). The indirect evidence of CO 3 2- formation is coming from spectroscopic data for CO/CaY at room as well as elevated temperatures. 10 The time to remove CO 2 from CaY 10 is longer as compared to the short time of CO removal, i.e., 3-4 min, which can be assigned to the appearance of the Me 2 CO 3 (nR) complex (n ) 4, 6, or 12) in CaY. The (Table 5) , nor change the geometry of the systems. More details on the respective variations between the small and extended models are planned to be presented elsewhere. 38 Activation barriers were also evaluated using two other density functionals, B3PW91 and B3P86, that led to similar barrier values and TS geometries for CO/Zn 2 O 2 (8R) ( Table 5) . To determine the reaction coordinate, we applied the QST3 algorithm as supplied with GAUSSIAN03.
28 Calculated imaginary frequencies along the respective reaction coordinates were 750.3i, 877.5i, and 878.2i cm -1 for B3LYP, B3PW91, and B3P86, respectively. In all cases, the reaction coordinate corresponded to the vibrations of CO and one O atom of the Me 2 O 2 group. For searching the geometries for the reaction complex, the TS, and the products, we also used the ONIOM approach of B3LYP/6-31G*:HF/3-21G type which converged for the reaction complex only, but not for TS and product complexes. The ONIOM result for the reaction complex nearly coincides with the geometry data obtained at the B3LYP/6-31G* level. The ONIOM models of the B3LYP/6-31G*:AM1 (or PM3 and UFF) type did not converge for the larger clusters.
Finally, geometry optimizations for the reagents and TS were performed at the B3LYP/6-311++G** level starting from the geometries obtained using B3LYP/6-31G*. It resulted in lower activation energy of 21.9 kcal/mol for the small CO/Zn 2 O 2 (8R) cluster (Table 5 ). The variations of the heat of CO oxidation over the Me 2 O 2 (8R) cluster do not exceed 5-6% relative to the value obtained at the B3LYP/6-31G* level, i.e., 110.0 kcal/ mol for Me ) Zn and 106.9 kcal/mol for Me ) Ca, when varying either the basis set, or the DFT functional (Table 5) .
Tentatively CO Oxidation over the Ca 2 O 3 (8R) Cluster. We also checked the possibility of the Ca 2 O 3 (8R) cluster for CO oxidation using the same type of process (eq 3a). This case turns out to be instructive regarding the evaluation of the reaction parameters at both the MP2 and B3LYP levels using the same 6-31G* basis set ( Table 7) . As CO is extremely sensitive to electron correlation effects, such a test is strongly required. geometry turns out to be very similar to the case of CO oxidation over Ca 2 O 2 (8R). (Table 7) kcal/mol at the B3LYP/6-31G* level. We assigned this increase to the strong bidentate CO 2 chemisorption over Ca 2 O(8R) resulting in the CO 3 2-anion (Figure 2f ). The more rigid geometry of the Ca 2 O 2 (8R) product does not allow the same symmetric CO 3 2-coordination toward Ca 2 O 2 ( Figure 5) .
On the basis of the data in Table 7 , we conclude that electron correlation effects do not change qualitatively the reaction parameters at different computational levels but should however been checked from a quantitative point of view.
Conclusions
The oxidation activity of the Ca zeolite forms is well-known from literature. The oxidation mechanism for all cation exchanged zeolites is usually interpreted via "organic molecule-O 2 " ion pair over a cation with an essential charge transfer. Nevertheless, it is difficult to apply such idea about ion pair stabilization for example to the CO-O 2 to explain CO oxidation occurring in Ca type zeolites. In this paper, another oxidation mechanism is suggested and discussed with respect to CO oxidation for Zn-and Ca-cation exchanged zeolites. (8R) conserves the common A-letter shape which is oriented notably asymmetrically in the Zn 2 O 3 cluster and symmetrically in the Ca 2 O 3 cluster, this last one being elevated over the 8R ring and cations. The heats of Ca 2 O X (8R) oxidation by molecular oxygen calculated at the B3LYP/6-31G* level were confirmed at the MP2/6-31G* level for X ) 1 and 2, both being of the same order of value.
We observed a difference between the possible catalytic cycles based on a series of consequent Ca 2 O X or Zn 2 O X oxides. All of the oxidation steps by molecular oxygen from Ca 2 O to Ca 2 O 2 , from Ca 2 O to Ca 2 O 3 , and from Ca 2 O 2 to Ca 2 O 3 are exothermic, whereas for Me ) Zn only one step from Zn 2 O to Zn 2 O 2 is exothermic. However, a lower activation barrier for oxidation according to the Me 2 O 2 (8R) + CO f Me 2 CO 3 (8R) reaction was obtained for Me ) Zn versus Me ) Ca. A more complete relaxation of the whole moiety including CO oxidation at Me 2 O 2 was further considered by adding a layer of 16 oxygen atoms connected to all Si and Al atoms. All computations with the extended models or using other DFT correlation functionals, PW91, P86, neither shifted effectively the activation barrier, nor changed the geometry for the Me ) Zn systems.
Essentially lower heats of CO oxidation according to the Ca 2 O X (8R) + CO f Ca 2 CO X+1 (8R) reaction was obtained for X ) 3 versus X ) 2. It was explained due to non complete chemisorption of CO 3 2-obtained near the more rigid Ca 2 O 2 (8R) fragment. The heat of CO oxidation over Ca 2 O 3 (8R) computed at the B3LYP/6-31G* level was confirmed at the MP2/6-31G* level as well as the heats of CO and CO 2 adsorption. The closeness between the heats of adsorption calculated at the DFT and MP2 levels proves the accuracy of the B3LYP evaluations regarding the thermodynamic parameters for the CO oxidation processes. Respective activation energies were found to be close for X ) 2 and 3 for the reaction above at the B3LYP/6-31G* level.
Hence, we could suggest the possible realization of closed oxidation catalytic cycle based on the series of the Ca 2 O X and Zn 2 O X oxide clusters at the cationic positions of the zeolites with moderate value of Si/Al modulus.
